Production of O atoms was confirmed in the catalytic decomposition of O 2 , NO, N 2 O and NO 2 on a heated Ir filament. No change in electric resistivity was observed when the filament was kept at 2350 K in the presence of 0.8 Pa of these species, showing that oxidation is not taking place under such conditions. The O-atom densities were evaluated by a vacuum-ultraviolet laser-induced fluorescence technique at 130.2 nm as well as a vacuum-ultraviolet laser absorption technique, by which the absolute values can be evaluated. Arrhenius-type filament temperature dependences were observed for the O-atom densities in all systems.
Introduction
Radical species can be produced efficiently without co-producing ionic species by catalytic decomposition (Hot-Wire decomposition) of material gases on heated metal surfaces. Especially, high-density H atoms can be produced by catalytic decomposition of H 2 compared to glow discharge techniques [1] [2] [3] . However, it has been difficult to produce high-density O atoms by this technique. This is because most metal materials with high melting points, such as tungsten(W), are easily oxidized and the decomposition efficiency decreases. Metal contamination may also be a problem in practical applications since the vapor pressure of metal oxide is often higher than that of simple-body metal. Recently, we have shown that the oxidation of W catalysts can be diminished by the addition of an excess amount of H 2 or NH 3 [4] . It has also been shown that H atoms, O atoms and OH radicals are produced in the catalytic decomposition of H 2 /O 2 mixtures [5] . However, pure O 2 cannot be introduced to produce atomic oxygen as far as W is used. On the other hand, iridium(Ir), has high oxidation durability [6] [7] [8] . Saito et al have shown that Ir is not oxidized even when it is heated in pure O 2 atmosphere and that Ir catalysts can be used to prepare SiO 2 films [6] . Ogita and Tomita have also used Ir catalysts to prepare Al 2 O 3 films from Al(CH 3 ) 3 and O 2 and have found that Ir is much better than W [7] . Wuu et al have reported that the electrical and optical properties of indium-tin oxide films can be improved by the O-atom treatment produced by the catalytic decomposition of O 2 on heated Ir catalysts [8] . However, no information is available on the absolute O-atom densities in these systems.
Recently, we have examined the catalytic decomposition processes of H 2 , O 2 and their mixtures on heated Ir surfaces by using laser spectroscopic techniques [9] . In the filled with 2.7 kPa of Kr by using a 100-mm focal-length achromatic lens. In the absorption measurements, the transmitted laser intensity was measured by monitoring the NO + ion current.
In the LIF measurements, the induced fluorescence was detected at an angle perpendicular to the laser beam with a solar-blind photomultiplier tube through an MgF 2 collimating lens and an interference filter. The photomultiplier signal was processed with a digital oscilloscope or a gated boxcar averager. The distance between the catalyst and the detection zone was 9 cm.
The catalyst temperature was estimated from the electric resistivity [11] . The inner walls of the chamber were coated with SiO 2 in order to reduce the removal rates of radical species [12] . 
Results
When the catalyst temperature is over 2170 K, the absolute O-atom densities can be determined by absorption measurements. Figure 1 shows the vuv absorption spectrum of O atoms when the catalyst temperature was 2350 K and the O 2 flow rate was 1.00 sccm. The O 2 pressure was 0.8 Pa. In order to evaluate the absolute density of O atoms from such absorption spectra, since the Doppler width of the absorption line is comparable to the laser bandwidth, numerical integrations are necessary [1] . In these numerical calculations, the translational temperature of O atoms must be known. Since the Doppler width for O atoms is narrower than that for H atoms, it is hard to evaluate the temperature precisely by analyzing the spectral profiles. It has been shown that OH radicals produced in H 2 /O 2 mixed systems can be relaxed easily and the rotational temperature is low, 350 K, when the total pressure is 17 Pa and the catalyst temperature is 1900 or 2200 K [5, 9] . The distance between the catalyst and the detection zone was 9 cm, the same as that in the present system. Similar results have also been obtained for SiH and NH [13, 14] . The translational relaxation rates must also be large and comparable to those for rotational relaxation processes [15] . However, it is not certain if the translational relaxation was completed in the present system, since the pressure was low, in the order of 1 Pa. It has been reported that the translational temperature of H atoms just after the formation on heated W catalysts is 1000 K lower than the catalyst temperature [16] . The translational temperature in the present system may be assumed to be between 400 and 1000 K.
The absolute density of O( 3 P 2 ) determined from the absorption spectrum is 1.7 × 10 12 cm -3 when the translational temperature is assumed to be 400 K, while that is 1.1 × 10 12 cm
when the temperature is assumed to be 1000 K. In these analyses, the laser bandwidth was chosen to reproduce the absorption spectral profile shown in figure 1 . At 400 K, the total population of O( 3 P J ) should be 1.4 times larger than the population of O( 3 P 2 ), while at 1000 K that should be 1.6 times larger. Then, the population of O( 3 P J ) should be 2.4 × 10 12 and 1.8 × 10 12 cm -3 , respectively. We will use the averaged value, 2.1 × 10 12 cm -3 , for the total population of O( 3 P J ) to evaluate the O-atom densities under other conditions.
Below 2170 K, the O-atom densities were determined by vuv LIF measurements. Figure 2 shows the LIF spectrum obtained when the catalyst temperature was 2170 K and the O 2 flow rate was 1.00 sccm. The relative densities obtained by such LIF measurements can be scaled to absolute ones by comparing the data at 2170 K. Figure 3 illustrates the catalyst temperature dependence of the O-atom density when the O 2 flow rate was 1.00 sccm. The O-atom density has an Arrhenius-type dependence and the apparent activation energy is 260 kJ mol -1 , which is a little smaller than that to produce H atoms from H 2 on heated Ir, 295 kJ mol -1 [9] . Similar catalyst temperature dependences were observed for nitrogen oxides, although the apparent activation energies were larger. The apparent activation energies for NO, N 2 O and NO 2 are 330, 341 and 329 kJ mol -1 , respectively. It should be noted that, when the O 2 flow rate was reduced to 0.20 sccm, the activation energy increased to 313 kJ mol -1 . Figure 4 compares the catalyst temperature dependences of the O-atom densities for nitrogen oxides and Finally, it should be commented that the thermal decomposition of oxidant molecules in the gas phase may completely be ignored. The thermal decomposition rate constant is the largest for NO 2 . The bimolecular rate constant is 1.5×10 -14 cm 3 s -1 at 2300 K when the collision partner is N 2 [18] . At the highest pressure, 0.8 Pa, the gas density should be 3×10 13 cm -3 at 2300 K. Then, the lifetime of NO 2 is calculated to be longer than 2 s, which is longer than the estimated residence time of gas molecules in the chamber.
Discussion
The apparent activation energies for NO, N 2 O and NO 2 are very similar, while that for O 2 is smaller, especially at 1.00 sccm. The agreement among nitrogen oxides suggests that the rate determining steps are the same. According to Krekelberg et al, the binding energy of O atoms on Ir(111) surfaces is between 290 and 440 kJ mol -1 depending on the adsorption site [19] , which agrees with the apparent activation energies observed in the present study for nitrogen oxides. The desorption processes of O atoms from Ir surfaces may be rate determining for these species. On the other hand, the apparent activation energy for O 2 at 1.00 sccm is smaller than the calculated binding energy. In addition, the O-atom density in the gas phase when O 2 is introduced is much higher than those for nitrogen oxides. The steady-state density in the gas phase depends not only on the production rate, but also on the removal rate, and the density in the gas phase may not represent the rate of formation only.
However, the wall conditions may not change greatly by the difference in source gases since no deposition is expected. This explanation presumes that the catalyst surfaces are covered with O atoms even at low pressures such as 0.8 Pa. As are shown in figure 5 , the O-atom density saturates against the oxidant flow rates. This saturation may be explained by the increase in the recombination rate of O atoms on chamber walls, because the recombination rate may increase with the square of the surface density of adsorbed O atoms. However, in the case of atomic hydrogen, such saturation cannot be observed when the H-atom density in the gas phase is lower than 10 12 cm -3 [9] . When W is used as a catalyst, the residence time of O atoms on catalyst surfaces is considered to be much longer than that of H atoms [5] . [20, 24] . The O-atom density in catalytic decomposition may be increased by one order by using a larger chamber and a longer filament. When the present small chamber, 10 cm in internal diameter, was used, the H-atom density in the presence of 17 Pa of H 2 was 1 × 10 13 cm -3 [29] . The W catalyst temperature was 2200 K and the length was 30 cm. On the other hand, when a large chamber, 45 cm in internal diameter, was used, the H-atom density could be increased up to 2 × 10 14 cm -3 [1] . The temperature and the length of the W catalyst were 2200 K and 120 cm, respectively, and the H 2 pressure was 5.6 Pa. The difference in the H-atom densities cannot be ascribed to the difference in the catalyst lengths only. The difference in the chamber sizes should be important since the recombination on chamber walls must be less important when a large chamber is used. The situation must be similar for oxygen. Then it is expected that the steady-state O-atom density can also be increased by one order just by using a large chamber and a longer filament.
Although the O-atom density may be increased by such modifications, the density may not exceed those obtained by plasma processes. Simple thermodynamic calculations
show that the density of O atoms produced by catalytic decomposition cannot be more than 10 14 cm -3 . For simplicity, we consider the thermal equilibrium between O and O 2 at 2300 K. have been produced. Indium-tin oxide films may have been damaged by these species.
Conclusions
Catalytic decomposition processes of O 2 , NO, N 2 O and NO 2 on a heated Ir filament were examined by employing laser spectroscopic techniques. Ir was not oxidized even when it was heated up to 2350 K in the presence of these species. By using 0.8 Pa of O 2 as a material gas, the O-atom density can be increased up to 2 × 10 12 cm -3 . Although this density is lower than those in typical plasma processes, it should be emphasized that the production of ionic species and metastable reactive species are not expected in this system. Since O atoms were identified in the decomposition of NO, NO can also be a potential source of atomic nitrogen. 
